Erosion of non-collision surfaces by cavitating oil jets was investigated experimentally using hollow cylindrical specimens. The stainless steel chamber with an inner diameter of 170 mm was utilized, including the nozzle of 1 mm in diameter and 4 mm in length. The aluminum specimens with a length of 20 mm, an outer diameter of 20 mm, and inner diameters of 3, 5, and 7 mm were prepared. The test fluid was hydraulic oil with a viscosity grade of 32 and the temperature was maintained at 40C. The upstream and downstream absolute pressure were set at 10.1 MPa and 0.2 MPa, respectively, so that the cavitation number defined by the ratio of the downstream pressure to the upstream pressure was 0.02. The stand-off distance was varied from 10 to 25 mm in increments of 2.5 mm. The specimens were observed at 1 hour intervals and the exposure time was up to 8 hours. The specimens were cut in half by a precision machine tool after the completion of the experiments to observe and examine the eroded surfaces. The specimens were partially eroded on their inner walls close to the downstream ends. The eroded region shifted slightly upstream as the stand-off distance increased. The erosion was less pronounced for specimens with a large inner diameter.
Introduction
Cavitation erosion (Knapp et al., 1970; Kato, 1999) in hydraulic equipment is primarily caused by collision of submerged cavitating jets. However, in certain situations, the erosion occurs in areas such as hydraulic valves, where the jets do not impinge directly onto the inner wall of the equipment.
Using a prototype based on Lichtarowicz's apparatus (Lichtarowicz, 1972) , which was later standardized by the American Society for Testing and Materials (ASTM, 1995) , Kleinbreuer (1977) , Yamaguchi and Shimizu (1987) , Momma and Lichtarowicz (1995) , Steller (1999) , Soyama et al. (1999 Soyama et al. ( , 2013 , Hattori et al. (2010) , and others have comprehensively studied erosion due to cavitating jets. In these studies, the jets have been impinged vertically and occasionally obliquely (Sugimoto et al., 2010) onto the specimen surfaces. The experiment of erosion at the walls of the flow paths by the cavitating jets with oils has been hardly performed.
In this study, using hollow cylindrical specimens, we discharged the oil jets into the inner part of the specimens and examined the eroded surfaces. The eroded parts of the specimens were observed and the effects of experimental conditions on the cavitation erosion were explored experimentally. The chief goal of the study is to propose an optimum geometry to reduce erosion in hydraulic components.
Experimental apparatus and methods
The apparatus (Kazama et al., 2015) and procedures (Kazama and Miura, 2007) used in this study are basically similar to those prescribed in the ASTM standards but with different conditions of the test and geometry of the tester. Kazama, Kohiruimaki and Kumagai, Mechanical Engineering Letters, Vol.2 (2016) [DOI: 10.1299/mel.16-00442]
The set-up, conditions, and procedures used in the experiment are briefly described below.
The main part of the test rig was the chamber, as shown in Fig. 1 . The hydraulic circuit consisted of a positive displacement pump (maximum operating pressure of 40 MPa and discharge of 2.3×10 −4 m 3 /s) with an electric motor; accessories, including valves, a cooler, a filter (a nominal pore size of 3 m), and a reservoir; and instruments, including pressure gages and a thermometer. The stainless steel chamber, installed two transparent windows on both sides, with an inner diameter of 170 mm, included a long-orifice nozzle, a holder to fix the nozzle, the specimen of hollow cylinders, three struts and a mount to support the specimen, and spacers to adjust the location of the specimen. The nozzle had the flow path of 1 mm in diameter and 4 mm in length and the flow path of the holder was 3 mm in diameter and 3 mm in length. The hollow cylindrical specimens were prepared from aluminum alloy (The Japan Industrial Standards, JIS A5056), whose inner diameter D i of 3, 5, and 7 mm and length of 20 mm. The specimens were supported by three struts on the mount, as shown in Fig. 2 . The stand-off distance L was determined using annular spacers, where L is defined as the distance between the edgeface of the nozzle outlet and the upstream-side end surface of the cylindrical specimens. Mineral-oil-type hydraulic fluid of the ISO viscosity grade VG 32 (kinematic viscosities of 32.6 mm 2 /s at 40 °C and 5.49 mm 2 /s at 100 °C) was used as the test liquid. The oil temperature was maintained at 401C using an in-line oil cooler. The cavitation number  is defined as the ratio of downstream absolute pressure p d and the upstream pressure p u . In the experiment  was set at 0.02, while p u and p d were maintained at 10.1 MPa and 0.2 MPa, respectively.
At the beginning of each test, the specimen was set and the chamber was filled with the test oil, while the remaining air and bubbles were then removed carefully from the chamber. The submerged jet was cavitated through the nozzle and discharged into the chamber. The upstream and downstream pressures and the oil temperature were monitored continuously and controlled manually to maintain the prescribed experimental conditions during the test. Figure 3 shows photographs of the eroded specimens at locations near the downstream-side end, where the hollow inner surface and the outer end surface partially appear in the pictures. The photographs were taken from an obliquely upward position of the specimens' end surfaces so that the hollow areas would appear like an ellipse. In the experiment, a pair of the half-cut specimens was not available because small grooves at the mating surfaces remained and the hollow was not axisymmetric. The conditions were as follows: inner diameter D i = 5 mm, cavitation number  = 0.02, and standoff distance L = 15 mm. The inner surfaces at the downstream side were eroded, as shown in the photographs in Fig. 3 . The erosion pits were visible within the time t of 1 h of exposure under the experimental conditions. The eroded region was located approximately 12 mm from the end surface of the downstream side. As the exposure time t increased, the damage increased, but the location of the eroded region remained almost fixed. Further, the specimens were weighted at intervals. However, the cumulative mass loss was about 12 mg at 8 hours, which was infinitesimal and was not allowed to evaluate quantitatively erosion.
Results and discussion
To observe and examine the eroded surfaces in detail, we cut the specimens using a precision machine tool after the completion of the 8-h experiments. Figure 4 shows photographs of the halved specimens for the same conditions of Fig.  3 , namely, D i = 5 mm,  = 0.02, and L = 15 mm, where the photographs (a) and (b) are the surface created by a plane cutting through the specimen at the downstream and upstream sides, respectively, and the photographs (c) and (d) are the outer end surfaces of the specimens at the downstream and upstream sides, respectively. Fig. 5 illustrates the profile curves of the cross section of the specimen, where the curves (a) and (b) are the curves from the downstream-side end and the upstream-side end, respectively. The inner surface was eroded in the region of 34 mm which was about 12 mm off the specimen edge, although the curves were not clearly distinguished. The erosion damage at the both end surfaces was not observed under the conditions. The reasons why the inner surface close to the outlet of the hollow specimens was eroded locally and the outer end surfaces at upstream and downstream sides were not eroded are not yet fully clarified. Figure 6 shows photographs of the inner surfaces at the downstream side of the specimens with various stand-off distances L = 1025 mm, where the photograph at L = 15 mm is omitted because it is shown in Fig. 3d . The inner surfaces were eroded markedly at L = 15 mm (Fig. 3d) and L = 17.5 mm (Fig. 6c) ; however, the surfaces were only slightly eroded at shorter distance (L = 10 mm) and longer distance (L = 25 mm). It should be noted that the eroded region located on the inner surface of the specimens scarcely shifted, but somewhat moving upstream, as the distance L increased widely. (Fig.7a) was eroded closer from the edge of the specimen and that of L = 20 mm (Fig.7b) was eroded farther from the edge. Although the eroded locations were influenced by the distance L, the shift of the location was noticeably smaller than the changes in the stand-off distance.
Figure 8 also shows photographs of the halved specimens with various inner diameters D i = 3 and 7 mm. The inner surfaces were eroded to a greater extent in the specimen with D i = 3 mm, whereas the surfaces were eroded to a lesser extent in the specimen with D i = 7 mm. Thus, the inner surfaces were eroded to a greater extent as the specimen diameter decreased.
Conclusions
Erosion in hollow cylinders by a cavitating jet was experimentally examined to countermeasure the erosion of oilhydraulic valves. The salient conclusions are as follows:
i) The inner walls of the cylindrical specimens were eroded at the area slightly inward from the edges.
ii) The location where erosion occurred imperceptibly shifted to the upstream side as the stand-off distance increased. iii) As the inner diameter increased, the extent of erosion decreased. 
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